Abstract-The performance analysis of multi-carrier relaybased Unmanned Airborne Vehicles (UAVs) network is studied analytically over fading channels. A relay-based topology with one ground control unit (GCU) is assumed, where the cooperative UAVs can communicate with the GCU directly or through relay. The outage probability of the system is defined as the probability that either the transmission rate over any of the links drops below a predefined minimum threshold for that link or the Relay-GCU link is not able to transmit the aggregate data from all relayed UAVs. Finite Mixture with Expectation-Maximization algorithm is utilized to derive a simple approximate expression for the probability density function (pdf) of the achievable bit rate assuming adaptive M-ary quadrature amplitude modulation (M-QAM). The outage probability and the average achievable bit rate of a cooperative multi-carrier system are derived over generalized Gaussian-Finite-Mixture fading channels.
I. INTRODUCTION
Unmanned airborne vehicles (UAVs) have evolved into high-tech capable small vehicles, used by the armed forces worldwide, mostly for surveillance and data acquisition purposes. UAVs have also been used in many civilian applications such as agricultural purposes, natural resources management, and natural disaster response. The demand for these products in the commercial industry is increasing because the low manufacturing and operational costs of the systems, the flexibility of the aircrafts to adjust to the particular needs, and the elimination of the risk of human lives (pilots) in applications that require difficult missions. The communication links in a swarm of UAVs suffer from many problems, one of which is the power fluctuation of the received signal due to multipath propagation and Doppler spread which becomes more severe at high speeds and high carrier frequencies. One method to combat this problem, is the use of multi-carrier system with good resource management which results in increased reliability and power efficiency [1] . A more efficient method is to integrate multi-carrier communication systems with relaybased cooperative techniques which is a one feasible solution to overcome the severity of the UAVs communication link.
The first formulations of general relaying problem appeared in the information theory community in [2] . The traditional relay channel model is comprised of three nodes: a source that transmits information, a destination that receives information, and a relay that both receives and transmits information to enhance communication between the source and the destination. Recently, many new models with multiple relays have been proposed and examined [3] . In [4] , the authors proposed cooperation techniques that are based on extending the relay channel to multiple sources, with information to transmit, that also serve as relays for each other.
The understanding of the benefits of MIMO (multiple-inputmultiple-output) systems in wireless channels make the community realize that multiple relays can emulate the strategies designed for MIMO systems and offer significant network performance enhancements in terms of various metrics. These enhancements include increased capacity, extended range, and improved reliability (by decreasing the outage probability). This understanding has therefore motivated researchers to analyze the statistics of cooperative relay-based fading channels. The end-to-end performance in a two-hops system was analyzed in [5] over Rayleigh fading channels. However, the analysis did not consider more than one identical type of fading, nor did it consider multiple sources or multiple carrier system. In this paper, we focus on analyzing the statistics of the aggregate rates from multiple sources with sub-carriers assignment. The sub-carriers are assumed to suffer from independent but not necessarily the same type of fading. More precisely, the statistics of achievable bit rate of cooperative multi-carrier relay-based system over generalized GaussianFinite-Mixture fading channels are considered. The outage probability is derived in closed form by utilizing a wellknown expectation maximization algorithm [6] . To the best of our knowledge, studying the outage probability and the average achievable bit rate for such cooperative multi-carrier framework have not been reported in the literature.
The remainder of this paper is organized as follows. Section II introduces the system and channel model under consideration. Then, the problem formulation and expressions for the outage probability and the average achievable bit rate are given in section III. The results are validated using Monte Carlo simulation in Section IV. Finally, the paper is concluded in Section V.
II. SYSTEM AND CHANNEL MODEL
Consider a group of cooperative UAVs as depicted in Fig. 1 . In downlink communication, the UAVs are sending their data to the ground control unit (GCU). In this topology, each relayed UAV (e.g., UAV 1) transmits its data to the relay UAV (UAV d). The relay UAV in turn carries over the gathered information to the GCU. This topology has the advantage of consuming less power than when data is transmitted directly without relay. However, the relay UAV d consumes more power as compared to the relayed ones, therefore, with good resource management the role of relay can be exchanged between the cooperative UAVs to achieve fair power consumption. The UAV topology scheduling is beyond the scope of this paper. Each UAV requires one uplink channel through which the UAV flight control data and control information of the on-board sensor payload are transmitted. In the downlink direction, two channels are utilized. One provides the position of the UAV, its flight path and navigation data, and the sensor payload. The other is responsible for providing real time transmission of the captured video data.
In this paper, the analysis of outage probability and the average achievable bit rate are considered in the downlink communication as shown in Fig. 1 with L different links. The total available bandwidth (BW ) is divided into C subchannels (or equivalently C sub-carriers), where C > L. The bit rate over an l th link depends on the number of subcarriers (|C l | ≤ C) assigned to that link and is denoted by R l , where l = 1, 2, ..., L and |C l | is the cardinality of subset C l . Furthermore, each UAV needs to transmit its data with a certain minimum bit rate, R l,min , l = 1, 2, ..., L, that depends on the application the UAV is used for. It is assumed that the relay-GCU (i.e., d
th ) link carries all the data collected from other UAVs besides its own data. The sub-carriers {c = 1, 2, ..., C} are assigned to the links {l = 1, 2, ..., L}, where each sub-carrier is assumed to suffer from independent but not necessarily identical fading (i.e., the fading amplitudes of the transmitted signal are assumed to be independent random variables).
Rayleigh, Nakagami-m, and Weibull fading channels are considered in this paper. For more information about these types of fading the reader is referred to [7] . The choice of such types of fading can be considered in cooperative UAVs applications, where for example, in the low altitude crowded areas applications, the link may suffer from Rayleigh fading. On the other hand, most UAV applications are operated in open space (e.g., at high altitudes) where Nakagami-m and Weibull fading with high fading parameters are suitable fading models. In this paper, the outage probability is derived using GaussianFinite-Mixture representation that helps us to represent the bit rate pdfs as cascaded weighted sums of Gaussian pdfs with suitable parameters (i.e., means and variances) and weighting coefficients as given in [8] .
III. PROBLEM FORMULATION AND OUTAGE PROBABILITY ANALYSIS
In the downlink scenario as shown in Fig. 1 , we define the outage probability of each link as the probability that the link can not support a minimum required bit rate. In Fig. 1 , the outage probability on the l th and d th links are given by 
The cooperative relay-based system is declared to be in outage if one or more of the links are in outage [9] , then we write
Adaptive M-ary quadrature amplitude modulation (M-QAM) is assumed in the analysis where the spectral efficiency of the c th sub-carrier over the l th link in bits/sec/Hz is given as [10] 
whereγ lc is the instantaneous signal-to-noise ratio (SNR) associated with the c th sub-carrier over the l th link, ζ is calculated by ζ = −1.5/ ln(5 × BER target ) and BER target is the required bit error rate (BER) which is taken to be 10
in the numerical results throughout the paper. The average value ofγ lc can be given mathematically as
where s lc (t) is the transmitted signal using the c th sub-carrier over the l th link. N o is the additive white gaussian noise (AWGN) one-sided power spectral density (PSD),ã is the fading amplitude of the c th sub-carrier over the l th link. An approximated pdf ofr lc using N lc Gaussian components can be written as [8] fr lc (r lc )
The moment generating function (MGF) ofr lc can be found directly as
where E[.] is the expectation operation. Let us assume that a set C l (l = d) of sub-carriers are assigned to the l th link which is a UAV-relay link, and a set of C d sub-carriers is assigned to d th link which is a relay-GCU link, then the achievable bit rate over the l th link (R l ) and the d th link (R d ) can be described mathematically bỹ
where
., L; l = d} composes the complete sub-carriers set. By assigning a set of sub-carriers (say C l ) out of C sub-carriers to the l th link and by assuming independent but not necessarily identical fading, the MGF of R l in (8) can be derived as follows:
....
where n l is the number of sub-carriers assigned to the l th link (i.e., |C l |), C l (i) is the i th sub-carrier assigned to teh l th link where i = 1, 2, ..., n l , N lC l (i) is the number of finite mixture components used to represent the pdf of the achievable bit rate,r lC l (i) , associated with C l (i) subcarrier. w eq (k l,1 , k l,2 , ..., k l,n l ), μ eq (k l,1 , k l,2 , ..., k l,n l ) and σ 2 eq (k l,1 , k l,2 , ..., k l,n l ) are the equivalent weighting coefficient, mean, and variance, respectively, for the l th link and can be given as
From (10), which represents an n l cascaded sums of Gaussian MGF, one can use inverse Laplace transform directly to derive the pdf of the achievable bit rate over the l th link, which can be given as
...
The average achievable bit rate (E[R l ]) can be derived by averagingR l over the pdf in (14) as follows:
where the operator
. It is obvious from (15) that the integration limits take only positive values while the Gaussian pdfs are truncated for r l < 0, which is acceptable truncation since the tails of Gaussian pdfs in (14) are negligible when r l < 0. The outage probability for the l th link can be derived by substituting fR l (r l ) from (14) into (1) and performing the integration to obtain
where Q(x) is the Q-function defined as
and R l,min is the minimum bit rate associated with the l th link. The MGF ofR d can be derived using (9) and (6) where
To simplify the analysis, we define a parameter α l = 1 if l = d, and α l = −1 otherwise (l = d), then using (7) and after some manipulations (18) becomes
If the number of Gaussian components for all sub-carriers over all links is N , then, (19) becomes
From (20) which represents an n l × L cascaded sums of Gaussian MGF, the inverse Laplace transform can be used to derive the pdf of the achievable bit rate over the d th link (i.e., fR d (r d )), which can be given as
The average achievable bit rate (i.e., E[R d ]) over the d th link (i.e., relay-GCU link) can be derived by averagingR d over the pdf in (21). After simple integration we can show that
The outage probability on the d th link can be derived by substituting (21) into (2) given that the minimum required transmission bit rate is R d,min . After performing the integration, P out,d (R d,min ) can be given as
It is obvious that the derived outage probability expressions are given in terms of cascaded weighted sums of well-known Q-function as shown in (16) and (23). These expressions provide a generalized tool to study the reliability of cooperative multi-carrier relay-based UAV network over various types of fading channels. In the following section, numerical results and Monte Carlo simulation are used to validate the derived expressions.
IV. NUMERICAL RESULTS
Cooperative multi-carrier relay-based UAV network with three links 1, 2, and 3 is considered as shown if Fig. 1 , where the 1 st link represents the relay-GCU link. The system is assumed to operate over a bandwidth of 80 MHz which is divided into 10 sub-channels (8 MHz each) in the 2.4 GHz industrial, scientific, and medical (ISM) band. The number of sub-channels (or equivalently sub-carriers) assigned to links 1, 2, and 3 are |C 1 | = 6, |C 2 | = 2, and |C 3 | = 2, respectively. Five fading scenarios that include three types of fading; Rayleigh, Nakagami-m, and Weibull fading, are considered in this simulation. The five fading scenarios are summarized in Table I . In our three-links example, the sub-carriers allocation and their associated fading scenarios are summarized in Table  II . The allocated sub-carriers are assumed to have different fading scenarios to demonstrate the feasibility and accuracy of the approximated analytical expressions as compared with Monte Carlo simulation where we performed 10 5 simulation runs. Four Gaussian-Finite-Mixture components (i.e., N = 4) were shown to be enough to provide acceptable accuracy to approximate the pdf of the achievable bit rate in bits/sec/Hz for the five fading scenarios described in Table I . Fig. 2 gives a comparison between the analytical (approximated) results for the CDF of the achievable bit rate, FR(r), and the Monte Carlo simulation for various fading scenarios as given in Table  I . It is obvious from Fig. 2 that the CDF of the achievable bit rate of fading scenarios 2, 3, 5 can be approximated to a high degree of accuracy using four components (i.e., N = 4), where we still need larger number of components to estimate, accurately, the other two fading scenarios; Rayleigh fading (SCEN 1) and Weibull fading with β = 1.5 (SCEN 4). Although, the approximation is not accurate for severe fading scenarios, it will be shown by further investigation that the derived analytical expressions of the outage probability and the average bit rate of the cooperative multi-carrier relay-based system give an acceptable results with high degree of accuracy. simulation for various fading scenarios and given in Fig. 3 . Here, the general conclusion is that the outage probability expression in terms of a cascaded weighted sums of Qfunctions in (16) can be used to analyze the outage probability of cooperative multi-carrier relay-based system for various fading scenarios. As last investigation, the average achievable bit rate as in (15) Table I . (15) and (22) for the achievable rate and the Monte Carlo simulation for the three links example given in Fig. 1 and described in Table II . V. CONCLUSION
In this paper, the performance analysis of cooperative multi-carrier relay-based UAV network is considered over generalized Gaussian-Finite-Mixture fading channels. General analytical expressions in terms of cascaded weighted sums of well-known Q-function for the outage probability of both UAV-relay and relay-GCU links are derived. The average achievable bit rate for each link is also derived in closed form. These expressions provide a tool to study the reliability of cooperative multi-carrier relay-based UAV network over various fading scenarios. In our numerical demonstrations, we used Weibull, Nakagami-m and Rayleigh fading channels as examples. The expressions were validated using Monte Carlo simulations.
